Early life exposure to specific environmental factors can increase risk for developing psychopathology including major depression in adulthood. However, the molecular pathways and epigenetic mechanisms that mediate the effects of early environments on adult mood remain poorly understood. We examined the effects of different gestational and rearing conditions on adult anxietyand depression-like behavior using a combined reciprocal outcrossing and cross-fostering design in Balb/cJ (cJ) and C57BL/6J (B6) mouse strains. First filial (F1) hybrid offspring, which were gestated by B6 or cJ dams and then reared by either strain, were evaluated for behavior and whole-genome hippocampal gene expression during adulthood. Adult hybrid mice gestated by B6 dams showed increased depression-like behavior in the forced swim and sucrose preference tests, increased hippocampal expression of alpha calcitonin gene-related peptide (aCGRP) transcripts, and decreased methylation of the aCGRP promoter compared with those gestated by cJ dams. Differential expression of aCGRP in adulthood did not result from genomic imprinting, and differences between B6 and cJ mitochondrial DNA were not responsible for behavioral phenotypes observed. Finally, central administration of aCGRP to adult hybrid mice increased depression-like behavior, whereas the CGRP 1 receptor antagonist CGRP 8-37 reduced depression-like behavior in the forced swim test. Our findings suggest that gestational factors influence adult depressionlike behavior through methylation of the aCGRP gene.
INTRODUCTION
Major depressive disorder is a common and disabling psychiatric illness with a lifetime prevalence of 10-15%. 1 Population-based twin studies indicate that environmental factors account for approximately 60% of the variance in adult depression. 2 Environmental factors acting in early development are thought to exert a strong influence on the development of depression later in life. 3, 4 For example, early adverse experience such as parental maltreatment and neglect have been implicated in the development of depressive phenotypes during adulthood in humans and animals. [5] [6] [7] Furthermore, prenatal factors including maternal malnutrition, 8, 9 stress exposure, [10] [11] [12] [13] mood state 14, 15 and endocrine factors 6, 16 have also been implicated in the development of adult depressive phenotypes in humans and rodent species. However, the pathophysiological mechanisms by which early environmental factors confer susceptibility to adult depression are poorly understood.
The long-term effects of environmental factors on physiology and behavior are mediated by epigenetic mechanisms, which alter gene expression without changing DNA sequence. Epigenetic modifications include methylation of DNA and post-translational modification of histones, both of which alter gene transcription. 17 Epigenetic modifications have been correlated with behavioral phenotypes induced by early life environmental factors in rodents. For example, exposure to early maltreatment induces long-lasting changes in methylation of the brain-derived neurotrophic factor (BDNF) gene in the prefrontal cortex and increases adult anxiety levels in mice. 18 We aimed to identify novel molecular pathways on which epigenetic mechanisms act to program adult emotional behavior.
We used a reciprocal outcross design to investigate the role of early environmental factors on adult emotional behavior in female first filial (F1) mice, which are genetically identical except for mitochondrial DNA (mtDNA). We reciprocally outcrossed C57Bl/6J (B6) and BALB/cJ (cJ) mice, which vary dramatically in stress reactivity and maternal behavior, to expose their F1 offspring to different early environments. 19, 20 Specifically, cJ mice exhibit greater stressor-provoked activation of the hypothalamic-pituitaryadrenal (HPA) axis and less arch-backed nursing and licking/ grooming of pups compared with B6 dams. [20] [21] [22] However, B6 mice exhibit more depression-like behavior than cJ mice in several behavioral paradigms. For example, B6 mice show increased depression-like behavior in the forced swim test (FST), [23] [24] [25] [26] and exhibit increased anhedonia in the sucrose and fructose preference tests compared with many other mouse strains, 27 including cJ. We used an unbiased approach to identify genes that regulate adult emotional behavior and are epigenetically modified by the early environment. First, we assessed F1 offspring for anxiety-and depression-like behavior and the response to chronic antidepressant treatment. Second, we cross-fostered F1 offspring to determine whether gestational factors or maternal care altered depression-like behavior in adult F1 offspring. Third, we assessed genome-wide hippocampal gene expression in adult F1 mice, as the hippocampus has been strongly implicated in the regulation of mood. 28, 29 After identifying the alpha calcitonin gene-related peptide (aCGRP) gene as differentially expressed between F1 strains, we assessed aCGRP gene methylation. We also assessed hippocampal aCGRP gene expression and methylation on postnatal day 1 to determine the onset of these effects. In addition, we performed allelic expression studies to evaluate potential genomic imprinting of the aCGRP gene, and behavioral studies using conplastic strains to assess the potential influence of mtDNA on depression-like behavior. Finally, we explored a causal role for aCGRP in depression-like behavior by centrally administering aCGRP or the CGRP 1 receptor antagonist CGRP and examining FST behavior.
MATERIALS AND METHODS Animals
BALB/cJ (cJ), C57BL/6J (B6), A/J, C57BL/6J-mtA/J/NaJ and PWD/phJ mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA). Mice were 12 to 16-week-old females for all studies, except for neonatal studies which used postnatal day 1 mice. We studied only females to hold genetics constant across F1 strains (except for mtDNA), and avoid genetic differences introduced by differential sex chromosome inheritance in males. Mice used for molecular studies were experimentally naive. Animals were housed and maintained on a 12 h light-dark schedule with food and water provided ad libitum. Behavioral testing occurred during the light phase. Experiments were conducted in accordance with the National Institutes of Health Laboratory Animal Care Guidelines and with Institutional Animal Care and Use Committee approval.
Drugs
Fluoxetine (ANAWA, Zurich, Switzerland) was administered in the drinking water at a dose of 18 mg kg À 1 day À 1 (160 mg l À 1 ), 30 which reduces anxiety-and depression-like behavior in mice, and results in serum fluoxetine levels within the range observed in patients taking therapeutic doses. 30 Rat aCGRP or the rat CGRP 1 receptor antagonist (CGRP ) (Tocris Bioscience, Ellisville, MI, USA) were administered intracerebroventricularly. See Supplementary 1 for details of central drug administration.
Reciprocal outcrossing
In all, 10-to 12-week-old B6 and cJ mice were reciprocally outcrossed to generate two F1 hybrid strains. Breeding pairs were housed together throughout pregnancy and separated when pups were weaned at 21 days of age. To minimize potential litter effects, only two mice from each litter were assigned to an experimental group. F1 mice used for intracerebroventricular infusion studies were 12-week-old female offspring from cJ dams Â B6 sires, and were purchased from Jackson Laboratory.
Cross-fostering
Newborn F1 offspring of B6 or cJ dams were cross-fostered to B6 or cJ dams during the first postnatal 48 h, yielding four experimental groups: B6-gestation and cJ-rearing (B6 À cJ), B6-gestation and -rearing (B6 À B6), cJ-gestation and B6-rearing (cJ À B6) and cJ-gestation and -rearing (cJ À cJ). Each dam had all pups fostered to another female and received 6-8 novel pups.
Behavioral studies
Information regarding the performance of the open field test, light-dark test, FST, and chronic mild stress paradigm, and the analysis of behavioral data are provided in Supplementary 1.
Microarray study
Whole genome hippocampal gene expression levels were assessed in B6 À cJ, B6 À B6, cJ À B6 and cJ À cJ F1 mice. RNA samples were hybridized onto the Illumina Mouse Ref-8v2.0 expression chip (San Diego, CA, USA). Beadchips were scanned using an Illumina BeadStation 500 G-BeadArray Reader and microarray data were analyzed by the 'lumi' bioconductor package. Data were transformed, normalized and differential expression was determined using the limma bioconductor package by fitting a linear model. 
Statistical analysis
Analyses of variance were applied and significant interactions were resolved using Newman-Keuls post hoc tests for between subjects factors and post hoc analyses of variance for within subjects factors. P-values for post hoc analyses of variance were adjusted for multiple comparisons using the Bonferroni procedure. P-value was set at 0.05. We have previously shown that cJ, but not B6, mice respond to chronic selective serotonin reuptake inhibitor (SSRI) treatment in the FST. We also assessed depression-like behavior using the chronic mild stress paradigm. Under baseline conditions, no differences in sucrose preference were found between F1 strains ( Figure 2a ). However, an interaction of strain of dam and stress condition (F(1, 45) ¼ 6.96; Po0.05) and post hoc tests revealed that chronic mild stress reduced sucrose preference in B6-gestated F1s, but not cJ-gestated F1s (Figure 2b) . Furthermore, B6-gestated F1s preferred sucrose less than cJ-gestated F1s under control (non-stress) conditions (Figure 2b ).
RESULTS

Early environment programs adult depression-like behavior
Gestational environment programs adult depression-like behavior We evaluated whether gestation or rearing programs depressionlike behavior in F1 mice. F1 mice were generated through reciprocal outcrossing, and then cross-fostered. Analysis revealed a significant main effect of gestational condition (F(1, 56) ¼ 9.52; Po0.01), but no effects of rearing condition, on immobility in FST with B6-gestated F1 mice showing increased immobility (Figure 3a) . Only a trend for rearing condition to affect climbing behavior was found (F(1, 56) ¼ 4.00; P ¼ 0.05), with F1 mice reared by B6 dams showing less climbing behavior than F1 mice reared by cJ dams (Figure 3c ).
No effect of gestational or rearing condition was found on time spent in the dark chamber or number of transitions in the lightdark test (Figures 3d-e 
F1 hybrid strains differentially express aCGRP
We compared whole genomic hippocampal mRNA expression of cross-fostered F1 adult offspring using the Illumina mouse Ref8v2.0 expression chip. A total of 25 676 transcripts or 19 000 unique genes levels were compared among the four experimental groups (B6 À cJ, B6 À B6, cJ À B6 and cJ À cJ). Three genes were differentially expressed between gestational conditions (qo0.05) and met the B-statistic criteria value (40.95; Table 1 ): necdin (Ndn), ubiquitin-specific peptidase 29 (Usp29) and aCGRP. All three genes were expressed at higher levels in F1s gestated by B6 dams versus cJ dams. Rearing condition had no effect on expression levels of any genes, and no significant interaction of rearing Â gestation was found.
Of the three genes identified, only aCGRP gene has been previously associated with depression. [32] [33] [34] As the Ndn and Usp29 genes were likely differentially expressed due to being imprinting, we focused on the potential role of aCGRP in depression-like behavior. A quantitative real-time PCR study revealed higher expression of aCGRP (F(1, 16) ¼ 6.70; Po0.05) mRNA in hippocampal tissue of B6-gestated F1 mice, and no effect of maternal care on aCGRP expression. Although microarray results indicated a 1.18-fold change in aCGRP gene expression between B6-versus cJ-gestated mice, quantitative real-time PCR results indicated a 1.82-fold change (Supplementary Figure 1) .
We found no difference in hippocampal aCGRP expression between F1 strains on postnatal day 1. However, cJ-gestated F1s showed significantly higher expression levels of BDNF than B6-gestated F1s (F(1, 14) ¼ 7.72; Po0.05; Supplementary Figure 2) . aCGRP allelic expression Genomic imprinting confers non-equivalent parental contribution to gene expression, is prevalent in the brain, and can differ across brain regions. 35 We examined whether the differential aCGRP expression between the F1 strains resulted from genomic imprinting. We reciprocally bred B6 and PWD/phj mice to generate F1 hybrid strains, and examined the allelic-specific expression pattern of aCGRP in hippocampal tissue of the F1 strains. Expression of aCGRP mRNA from the B6 chromosome was substantially higher than that from the PWD chromosome across both F1 strains (F(1, 7) ¼ 110.0; Po0.001). However, no preferential aCGRP expression from paternally versus maternally inherited chromosomes was found, indicating that the aCGRP gene is not genomically imprinted (Supplementary Figure 3) . Effects of mtDNA on depression-like behavior Mammalian mtDNA is transmitted maternally. We used conplastic strains, which contain the mtDNA of one inbred strain and the genomic DNA of another, to explore the potential contribution of cJ versus B6 mtDNA to the observed differences in depression-like behavior. A conplastic strain with B6 genomic DNA and cJ mtDNA was not available; thus, we compared N15 generation C57BL/6J-mtA/J conplastic mice to identical mice with B6 mitochondria reintroduced by a previous breeding step. A/J mtDNA is identical to cJ mtDNA at all-coded amino acids. 36 B6 mice have one aminoacid change within the cytochrome oxidase subunit III gene compared with cJ and A/J mice. 36 We found no differences in FST behavior or locomotor activity between C57BL/6J-mtC57BL/6J and C57BL/6J-mtA/J mice (Supplementary Figure 4) .
Differential methylation of the aCGRP promoter in F1 strains
We examined whether differential aCGRP expression between F1 strains was associated with differential aCGRP gene methylation. We assessed percent methylation of 48 CpGs upstream of the aCGRP translation start site in exon 2. These CpG sites are located in exon 1, intron 1 and a promoter region 0-800 bp upstream of the aCGRP transcription start site 37 ( Figure 4a ). This promoter region encompasses a cyclic adenosine monophosphate (cAMP) response element (TGATGTCA). Sequence analysis of bisulfiteconverted DNA isolated from the hippocampus of the F1 strains revealed that percent methylation was higher in the promoter region compared with intron 1 and exon 1 (F(1, 26) ¼ 12.47; Po0.01; Figure 4b ). Within the promoter region, cJ-gestated F1 mice had higher percent methylation than B6-gestated F1 mice (F(1, 253) ¼ 6.46; Po0.05; Figure 4c ). Methylation levels at four specific CpGs sites in the promoter region were increased in B6-gestated F1 mice. One of these sites, CpG site À 232, is located 18 bp away from a cAMP-responsive element nucleotide sequence. The differences in methylation at this CpG site may lead to differential cAMP response element-binding protein (CREB)-induced gene transcription between F1 strains. Rearing condition had no effect on methylation of the promoter region (Figure 4d) . Furthermore, neither gestation nor rearing had any effect on methylation levels in exon 1 or intron 1 (Supplementary Figure 5) .
We also examined hippocampal aCGRP gene methylation on postnatal day 1. A higher percentage of methylation was found in the promoter region than in intron 1 and exon 1 (F(1, 15) ¼ 9.05; Po0.01; Supplementary Figure 6a) . However, no difference in percent methylation of the promotor region, exon 1 or intron 1 was found between B6-and cJ-gestated F1 neonates (F(1, 14) ¼ 1.99; P ¼ 0.18; Supplementary Figure 6b-d) .
aCGRP modulates depression-like behavior To examine a causal role for aCGRP expression on adult depression-like behavior, we centrally administered aCGRP or the CGRP 1 receptor antagonist CGRP and assessed FST behavior. Mice receiving 4 mg CGRP showed reduced immobility compared with mice receiving saline or 1.5 mg aCGRP (F(2, 33) ¼ 5.88; Po0.01; Figure 5a ). Mice treated with 1.5 mg aCGRP exhibited reduced climbing compared with saline-or CGRP 8-37 -treated mice (F(2, 33) ¼ 5.37; Po0.01; Figure 5c aCGRP and CGRP did not alter locomotor activity (d)). Neither aCGRP nor CGRP 8-37 altered locomotor activity (Figure 5d ).
DISCUSSION
Our present findings show that gestational environment programs adult depression-like behavior through epigenetic modification of the aCGRP gene. Specifically, we found that differences between B6 and cJ dam gestational environments, but not maternal behavior, affect adult depression-like behavior of F1 offspring. B6-gestated F1 mice showed increased depression-like behavior, reduced methylation of the aCGRP promoter and increased hippocampal aCGRP gene expression compared with cJ-gestated F1 mice. These F1 strain differences in aCGRP gene methylation and expression were observed during adulthood, but not on postnatal day 1. Therefore, altered aCGRP gene regulation is a downstream, rather than an initial, effect of exposure to B6 versus cJ gestational environments. In addition, we found reduced hippocampal BDNF expression in B6-gestated F1 mice on postnatal day 1, which might contribute to the alterations in aCGRP gene regulation during adulthood. Finally, intracerebroventricular infusion of aCGRP increased depression-like behavior, whereas infusion of CGRP produced antidepressant effects in adult F1 mice. F1 strain differences in hippocampal aCGRP mRNA expression did not result from genomic imprinting of the aCGRP gene, and F1 strain differences in mtDNA did not affect depression-like behavior. In summary, gestational environment influences adult depression-like behavior by altering aCGRP gene methylation and expression.
Our findings that both F1 strains respond to chronic fluoxetine treatment suggest that a dominant genetic factor in cJ mice underlies this effect. This finding is consistent with our previous report that cJ and three closely related mouse strains (BALB/cByJ, SEA/J and A/J) respond to chronic treatment with SSRIs, whereas other more distantly related strains including B6 do not. 23, 30 Both F1 strains showed reductions in immobility (Figure 1a ) and increases in climbing (Figure 1c) following chronic fluoxetine treatment. Evidence suggests that SSRIs increase swimming behavior, whereas noradrenergic reuptake inhibitors increase climbing behavior, following acute treatment. 38 However, chronic treatment with SSRIs has been reported to increase climbing behavior in BALB/cJ mice 23, 39 and rats selectively bred for learned helplessness. 40 Increased climbing might result from the rise in cortical and hippocampal norepinephrine levels induced by chronic, but not acute, SSRI treatment. 41, 42 However, others have reported that Figure 2 . Effects of maternal strain on depression-like behavior in the chronic mild stress (CMS) paradigm of first filial (F1) mice. F1 mice were generated from reciprocal cJ Â B6 outcrosses. F1 strains showed no differences in sucrose preference at baseline (a). CMSexposed F1 mice with B6 dams showed significantly less sucrose preference than control-exposed F1 mice with B6 dams, and CMSexposed F1 mice with cJ dams (b). Bars represent mean±s.e.m.
(n ¼ 10-15 mice per group). *Po0.05.
chronic SSRI treatment increases swimming, rather than climbing, in rats. 43 Effects of chronic SSRI treatment on swimming versus climbing are likely species and strain dependent.
Gestation by B6 dams increased depression-like behavior in adult F1 offspring compared with gestation by cJ dams. B6-gestated F1s showed increased immobility in the FST (Figures 1a and 3a) and reduced sucrose preference in the chronic mild stress paradigm (Figure 2) . In contrast, cross-fostering did not reveal any effects of B6 versus cJ maternal care on depression-like behavior (Figure 3) . However, we cannot rule out that the brief exposure to B6 versus cJ maternal care before cross-fostering (the first 48 h of life) caused the differential phenotypes between the F1 strains. B6 and cJ dams used in the present studies exhibited the previously reported differences in maternal care (Supplementary Figure 7) . Numerous factors potentially differing between cJ and B6 gestational environments could be responsible for the effects on depressionlike behavior. Gestational factors implicated in later life affective phenotypes in humans and rodents include endocrine, [44] [45] [46] nutritional 9,47-49 and emotional 46, 50 variables. Few studies have compared B6 and cJ gestational environments. One study reported higher progesterone content in cJ-B6 than B6-cJ (dam strain is first) fetuses on day 7 of pregnancy. 51 Although baseline corticosterone levels are comparable between B6 and cJ mice, 19 intrauterine corticosterone levels have not been evaluated during pregnancy. B6 mice exhibit more depression-like behavior in the FST and sucrose and fructose preference tests than cJ mice, and these differential phenotypes could be associated with endocrine, hormonal or behavioral traits that affect the gestational environment. More work will be required to identify the gestational factors that induce epigenetic modification of the aCGRP gene. Necdin, ubiquitin-specific peptidase 29, and aCGRP expression levels were increased in F1s gestated by B6 dams versus cJ dams.
Epigenetic modification of aCGRP regulates depression-like behavior J Jiao et al
Although gestational environment affected hippocampal aCGRP gene methylation and expression in adult F1 strains (Figure 4) , this difference was absent at postnatal day 1 ( Supplementary Figures  2a and 6b ). B6 versus cJ gestational environments likely induced a cascade of molecular events resulting in differential aCGRP gene regulation by adulthood. Consistent with this idea, central infusion of aCGRP during adulthood increased depression-like behavior in F1 mice ( Figure 5 ). In addition, we identified increases in hippocampal BDNF mRNA expression in cJ-versus B6-gestated F1s at postnatal day 1 (Supplementary Figure 2b) . Hippocampal BDNF has been strongly implicated in the regulation of depression-like behavior, 52, 53 and might contribute to the downstream changes in aCGRP gene regulation observed during adulthood.
Our results show that central administration of aCGRP increases, whereas CGRP 8-37 decreases, depression-like behavior in the FST. These results are consistent with our findings that hippocampal aCGRP levels are positively associated with depression-like behavior in F1 strains. Together, these findings suggest that the differential aCGRP expression is responsible for the differences in depression-like behavior between the F1 strains, at least in part. However, it should be noted that the exogeneous administration of aCGRP may not precisely model the endogenous differences in aCGRP levels between F1 strains, as the timepoint at which their aCGRP levels diverge remains unknown. Our present findings are consistent with reports that CGRP is increased in the cerebrospinal fluid 33, 34 and plasma 32 of depressed patients. Only one previous report has evaluated the effects of aCGRP and CGRP 8-37 on depression-like behavior in rodents. aCGRP and CGRP were reported to increase, and not alter, active behavior in the FST, respectively. 54 These conflicting findings could be due to mouse strain differences, sex differences or different behavioral scoring techniques. aCGRP is one of the most abundant peptides in the periphery and central nervous system with multiple functions including regulation of cardiovascular homeostasis and nociception. 55 Recently, aCGRP has been implicated in phenotypes relevant to psychiatric disorders, including anxiety in rats. 56 However, our present findings suggest that hippocampal aCGRP expression selectively modulates depression-like, and not anxiety-like, behavior. This discrepancy could result from species differences, or differences in the anxiety paradigms used. The specific brain regions into which hippocampal neurons release aCGRP remains unclear. More work will be required to identify the specific brain regions in which aCGRP modulates depression-like behavior.
Results of allelic expression studies and experiments using conplastic strains showed that F1 strain differences in aCGRP gene methylation, expression and depression-like behavior did not result from genomic imprinting of the aCGRP gene or mtDNA polymorphisms. However, we cannot rule out that differential expression of imprinted genes between the two F1 strains could be responsible for the phenotypic differences observed. Furthermore, signaling pathways downstream of imprinted genes differentially expressed between the F1 strains could influence aCGRP gene methylation, expression and ultimately behavior. However, we detected only two other genes, Ndn and Usp29, which were differentially expressed between the F1 strains. Ndn and Usp29 are genomically imprinted genes, 57, 58 and are likely differentially expressed in the F1 strains because of genomic imprinting rather than exposure to different gestational environments. To our knowledge, neither Ndn nor Usp29 regulates aCGRP expression. Therefore, the differential aCGRP expression between the F1 strains likely results from exposure to different gestational environments.
In summary, the present findings indicate that gestational environment influences adult depression-like behavior in mice through epigenetic modification of the aCGRP gene. Our findings provide a novel mechanism by which variation in the gestational environment can influence adult affective phenotype. Finally, our results identify the aCGRP signaling pathway as an important modulator of depression-like behavior during adulthood, and a potential target for novel treatments for depression.
